A new strategy in recent studies is using effective tuberculosis (TB) subunit vaccines combined with appropriate carriers and adjuvants which have shown promising results in preclinical and clinical studies. The aim of the present study was to evaluate the PLGA:DDA hybrid nanoparticles (NPs) for subcutaneous delivery of a novel multistage subunit vaccine along with MPLA adjuvant against Mycobacterium tuberculosis (M. tuberculosis). Materials and Methods: PLGA and PLGA:DDA NPs containing HspX/EsxS fusion protein and MPLA were prepared by double emulsion method (w/o/w). After characterization, these NPs were subcutaneously administered to BALB/c mice aged 6-8 weeks old. Immunogenicity of formulations were assessed by measuring the level of IFN-γ, IL-4, IL-17 and TGF-β cytokines as well as IgG1, IgG2a and IgA antibodies using ELISA. 
Introduction
After HIV-1 infection, tuberculosis (TB) is the second fatal infectious disease and its morbidity and mortality in the world was about 1.8 million die in 2015, 1.1 million men, 0.5 million women and 0.2 million children (1) (2) (3) . It is estimated that nearly one-third of the world's population are latently infected with TB infection with the possibility of 5-10% of TB reactivation to active form (4, 5) . From a century ago, vaccination with BCG, Mycobacterium bovis bacilli Calmette-Guérin, is only approved approach to control Mycobacterium tuberculosis (M. tuberculosis) (1) (2) (3) . However, BCG vaccine is not able to: 1) prevent from reactivation of dormant M. tuberculosis, 2) induce sufficient immune responses to dormancy expressed antigens compared with secretory antigens expressed by rapid growing bacteria and 3) produce a variable protective efficacy in adolescents and adults (0-80% protection) (2, (6) (7) (8) . Therefore, using of early-and late-stage TB antigens, as multistage subunit vaccines, to develop an effective vaccine against both acute and stationary stages of infection is highly necessary (7) . Multistage subunit vaccines could be administered as a BCG primeboost before and after TB infection and can promote protective immunity and improve BCG efficacy in terms of long-term immunological memory in adolescence or adulthood as well as in the latent stage of disease (9, 10) . Therefore, a 16-kDa heat shock protein of M. tuberculosis (HspX protein), expressed by non-replicating bacteria in latent-phase, as well as a 10-kDa ESAT-6 like protein EsxS, expressed by replicating bacteria in early-phase, were two potentially immunodominant antigens recruited for designing a multistage subunit vaccine due to their ability in enhancing both cell-mediated and humoral immune responses in recent studies (11, 12) . However, a major issue associated with multistage subunit vaccines is its low immunogenicity. Therefore, it can be helpful to use effective adjuvants or different delivery systems to stimulate the strong immune responses (13, 14) . A suitable adjuvant used in TB vaccines should be able to efficiently induce Th1 type immune responses (15) . To achieve this aim, MPLA (monophosphoryl lipid A) adjuvant which is a detoxified derivative of lipid A from lipopolysaccharide (LPS) of Salmonella minnesota R595 strain can be effective according to previous studies (16) . This immunostimulant is a potent activator of tolllike receptor 4 (TLR-4) with negligible TLR-2 activity (16) . But, in spite of the positive potentials of adjuvants as strong inducer of innate immune responses as well as stimulant of the transition of responses from innate to adaptive immunity and also from Th2 to Th1, their use have some limitations such as local and systemic side effects (15, 17) . However, the ability of nanoparticles (NPs) has been proved as delivery systems for subunit vaccines through: 1) compensate of low immunogenicity of antigens, 2) protection of encapsulated antigen from in vivo degradation and 3) act as an antigen reservoirs for antigen-presenting cells (APCs) (16, 18) . Studies showed that PLGA (poly (lactide-co-glycolide) NPs have several positive potentials including biocompatibility and biodegradability, FDA approval, safety, enhanced colloidal stability and efficient uptake by APCs (19) (20) (21) (22) (23) (24) . However, compared with positively charged NPs, negatively charged PLGA shows poor stability, weak interaction and cellular uptake and rapid release properties (20, 25) . Therefore, using cationic lipids such as DDA, dimethyl dioctadecylammonium bromide, can lead to improve characteristics of the PLGA matrix (20) . For this purpose, we used from DDA cationic liposome-forming lipid to develop a novel nano-based vaccine against TB infection. A quaternary ammonium compounds which previously have been reported as an effective adjuvant to stimulate humoral and cellular immune responses. Due to the negative charge on the cell membrane, positively charged polymers such as PLGA:DDA can better connect to the cell membrane. Also it has been demonstrated that liposomes are able to enhance the ability of the vaccines to absorb by the APCs (26) (27) (28) . The goal of this study was to generate a novel multistage subunit vaccine, HspX/EsxS, combined with MPLA adjuvant as well as encapsulating them in a PLGA:DDA hybrid NP in order to develop an integrated vaccine regimen and investigate the humoral-and cell-mediated immune responses after subcutaneous administration in mice model. These nano-vaccines were also tested as booster for BCG vaccine.
Materials and Methods

Materials
PLGA, poly (D, L-lactide-co-glycolide) (Resomer RG 752 H, lactide:glycolide ratio 75:25) (MW: 4,000-15,000 Da), PVA, (poly (vinyl alcohol) (MW: 89000 to 98000 Da, 99% hydrolyzed), DDA, MPLA and dichloromethane, at analytical grade, were purchased from SigmaAldrich (Germany). ELISA assay kit for mouse IFN-γ, IL-4, IL-17 and TGF-β cytokines were purchased from eBioscience (USA). Goat anti-mouse IgG1 and IgG2a secondary antibodies, HRP conjugate were obtained from Invitrogen (USA).
Animals
Forty-five specific pathogen-free BALB/c mice aged 6-8 weeks old were obtained from Pasteur Institute (Tehran, Iran) and maintained in cages in animal house of Bu-Ali Research Center. Animals had free access to standard pellet diet (Khorassan Javane Co, Mashhad, Iran) and water throughout the study. Mashhad University of Medical Sciences approved the research protocol and all animal experiments were performed in accordance with the guidelines of Ethical Committee Acts.
HspX/EsxS fusion protein
Cloning, expression and purification of HspX/EsxS fusion protein was done as previously described (11) . Briefly, initially pGH vector containing hspX/esxS gene construct was transformed into Escherichia coli strain TOP10 and purified. Then both pGH/hspX/esxS and pET21b (+) plasmids were extracted and digested with the same HindIII and XhoI enzymes and the desired fragment was ligated into the digested pET-21b (+) plasmid. Colony-PCR and sequencing methods were used to confirm the accuracy of cloning. At the next step, the pET21b (+)/hspX/esxS expression vector was transferred into E. coli strain BL21 and protein expression was evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Eventually, fusion protein expression was purified by Ni-IDA column and dialysis performance and verified by Western blotting methods.
Preparation of PLGA:DDA hybrid NPs
We previously optimized and produced PLGA:DDA hybrid NPs containing HspX/EsxS fusion protein and the adjuvant MPLA by the double emulsion method (w/o/w) (unpublished data). Briefly, 50 mg of PLGA and 10 mg of DDA (60 mg/ml) were weighted and mixed with 10 μl of MPLA solution (5 mg/ml) in 600 µl dichloromethane. By adding 120 μl of an aqueous phase with 1 mg/ml of HspX/EsxS fusion protein into PLGA/DDA/MPLA organic phase and sonication for 30 sec, water-in-oil (w 1 -o) primary emulsion was formed. To establish water-in-oil-in-water (w 1 -o-w 2 ) emulsion, primary emulsion was added to 4 ml of 0.5% (w/v) PVA solution and sonicated for 60 sec. The emulsion was added to 20 ml of 0.3% (w/v) of PVA solution and stirred for 24 hr and subsequently centrifuged (18000 g, 4 °C for 12 min), purified (three times with 20 ml of ultrapure water) and freeze-dried for later use. The surface morphology and physical properties of hybrid NPs were assessed by scanning electron microscopy (SEM) (MIRA3 LM, Czech Republic) and dynamic light scattering (DLS) (Zetasizer Nano, Malvern, UK) tools. Furthermore, HspX/EsxS encapsulation efficiency and in vitro HspX/EsxS protein release study were performed by 125 I iodinated protein (unpublished data). The MPLA encapsulation efficiency was determined by Limulus Amebocyte Lysate (LAL) kit according to the manufacturer's protocol (Kinetic-QCL, LONZA).
Immunization of mice
Mice were subcutaneously immunized with 5 mg of NP containing 10 µg HspX/EsxS fusion protein and 10 µg MPLA. 50:10 (mg) ratio of the PLGA and DDA were used for the manufacture of hybrid NP. Forty-five mice were randomly divided into 9 groups of 5 mice each and immunized subcutaneously, 200 μl/mouse, with different formulations as follows: 1) PBS (negative control), 2) 5×10 5 CFU/mouse of BCG, 3) HspX/EsxS, 4) HspX/EsxS/MPLA, 5) PLGA/HspX/EsxS, 6) PLGA:DDA/ HspX/EsxS, 7) PLGA:DDA/HspX/EsxS (booster), 8) PLGA:DDA/HspX/EsxS/MPLA and 9) PLGA:DDA/HspX/ EsxS/MPLA (booster). All groups received formulations through three injections at days 0, 14 and 28. Two groups, 1 and 2, received only one time inoculation at day 0. Groups 8 and 9, in which formulations acts as booster, first received a single dose of BCG prime plus related formulation at day 0 and then formulations were administered twice with 2 weeks intervals.
Immunoassay
Taking blood samples and removing the spleens from the vaccinated mice were performed 3 weeks after final vaccination. Blood samples were centrifuged to separate the sera. The concentration of anti-HspX/ EsxS IgG1 and IgG2a antibodies in the sera were measured using goat anti-mouse secondary antibody, HRP conjugate through the direct ELISA method. For this purpose, ELISA 96-well plate was coated with 100 µl/well of 100 µg/ml of the purified HspX/EsxS protein diluted in 10 ml of the carbonate/bicarbonate buffer (pH 9.6) and incubated overnight at 2-8 °C . The plate was washed 3 times with 0.05% Tween 20 wash buffer. Plate was blocked with 200 µl/well of blocking buffer (2% bovine serum albumin, BSA) and incubated for 1 hr at 37 °C . After 5 times washing, 100 µl/well of serial dilutions of serum samples were added and incubated for 2.5 hr at 37 °C . After washing, 100 µl/well of 1:500 of IgG1 and IgG2a secondary antibodies were added into related samples and again incubated for 2 hr at 37 °C . After five times washing, 100 µl/well of TMB (3, 3', 5, 5'-tetramethylbenzidine) solution was added and incubated for 15 min at room temperature. The reaction was ended by stop solution (3 N HCL) and then absorptions were read at 450 nm by microplate reader. In this study, the measured final dilution of serum samples immunized mouse with negative control (PBS) were considered as the end point titers.
After bleeding, spleens were removed aseptically and after homogenization, extracted splenocytes were treated with lysis buffer (ammonium chloride) for the lysing of the erythrocytes. Isolated leukocyte cells were cultured in duplicate in 24-well plates in 1 ml of RPMI 1640 solution (2×10 6 cell/well) supplemented with 10% fetal bovine serum (Gibco, UK), 1% penicillin/ streptomycin (Biosera, UK) and 5 µg/ml of HspX/EsxS fusion protein or 5 µg/ml of phytohemagglutinin (PHA) (Gibco, Uk) as mitogen. After incubation for 72 hr (37 °C , 5% CO 2 ), culture supernatants were harvested and levels of IFN-γ, IL-4, IL-17 and TGF-β cytokines were measured by indirect ELISA method (eBioscience, USA) based on manufacturer's guidelines.
Statistical analysis
All data analysis were performed by GraphPad InStat software version 3 and then expressed as mean± standard error (SEM) or mean±standard deviation SD. Tukey's multiple comparison tests of one-way analysis of variance (ANOVA) were used to evaluate significant differences between groups. If P≤0.05, the results were considered as statistically significant.
Results
Characteristics of PLGA and PLGA:DDA hybrid NPs
In the present study, physical characteristics of PLGA and PLGA:DDA hybrid NPs including mean diameter (Z-average, nm), surface charge (Zeta-potential, mV), polydispersity index (PDI), encapsulation efficiency (%) and yield (%) were listed in Table 1 . As shown in Table  1 , addition of DDA led to increase in PDI and surface charge of NPs and decreased the size, encapsulation efficiency and yield. The surface morphology and HspX/ EsxS protein release profile has been shown in Figures  1 and 2 . NPs were in spherical shape and with smooth surface. In vitro release profile of HspX/EsxS in a 15 ml release medium (PBS, pH 7.4) showed that during 1 month PLGA NPs have faster release profile than PLGA:DDA NPs.
Determination of Th1 immune response
Splenocytes of BALB/c mice immunized with different formulations were stimulated with HspX/EsxS and PHA and production of IFN-γ, as a Th1 marker, was assessed. As shown in Figure 3 , mice subcutaneously immunized with PLGA:DDA/HspX/EsxS/MPLA 
Determination of Th2 immune response
In all immunization groups, IL-4 levels, as a marker of Th2 immune response, was less than 5 pg/ml and showed no significant difference with BCG group (P>0.05) (Figure 4 ). However, there was statistically significant correlation between the all groups received vaccine formulations through subcutaneous injection and PBS group (P<0.01). In addition, by comparing the results of IL-4 and IFN-γ (IFN-γ/IL-4 ratio), in all groups, the levels of IFN-γ secretion was very higher than IL-4 concentration (data not shown). The results revealed that all formulations were able to elicit the Th1 immune responses higher than the Th2 responses.
Determination of Th17 immune response
As can be seen in Figure 5 , in all groups, the level of IL-17, as marker of Th17, was significantly lower than BCG group (P<0.001). The secretion of IL-17 in all groups were higher than the PBS group (P<0.01).
Determination of T-reg immune response
TGF-β is a marker of T-reg immune response and the cytokine secretion pattern after stimulation of mice splenocytes with HspX/EsxS showed a high levels of responses, however, differences were not significantly different (P>0.05).
Serum anti-HspX/EsxS IgG2a titers
Serum anti-HspX/EsxS specific IgG2a titers (end point titers) were determined by an ELISA method. The highest IgG2a antibody titers was observed in groups subcutaneously immunized with PLGA:DDA/ HspX/EsxS/MPLA and PLGA:DDA/HspX/EsxS/MPLA (booster) (P<0.001) as well as PLGA:DDA/HspX/EsxS and PLGA:DDA/HspX/EsxS (booster) (P<0.001) ( Figure  7 ). Subcutaneous administration of these formulations induced significantly higher levels of IgG2a responses compared with the control groups (BCG and PBS) (Figure 7 ).
Serum anti-HspX/EsxS IgG1 titers
Serum anti-HspX/EsxS specific IgG1 titers (end point titers) were determined by an ELISA method. As shown in Figure 8 , the highest level of IgG1 was observed in the sera of mice immunized with PLGA:DDA/HspX/EsxS/ MPLA and PLGA:DDA/HspX/EsxS/MPLA (booster) as well as PLGA:DDA/HspX/EsxS and PLGA:DDA/HspX/ EsxS (booster) (P<0.001).
Discussion
A WHO's global TB program called the end TB strategy was set which covers the period 2016-2030 to end the global TB epidemic, an 80% and 90% reduction in TB incidence and TB deaths, respectively (2). To achieve this goal, development of a safe, effective and high quality and cost-effective vaccine against TB is essential. The protein subunit vaccines and recently multistage subunit vaccines are among the most important TB candidate vaccines which have been evaluated in different stages of clinical trial (29) . Hybrid 56 in IC31 (SSI/Intercell/Aeras) as well as ID93 in GLA-SE (IDRI) are two multistage subunit vaccines in combination with adjuvants which entered in phase I clinical trial (29) . In a review study conducted by Khademi et al. all evaluated multistage subunit vaccines to boost immune responses against TB, alone or in combination with adjuvants, were able to: 1) strongly induce humoral and cellular immune responses, 2) reduce the bacterial load, 3) potentiate the immunogenicity of early BCG vaccine and 4) increase the protective immunity against early and latent TB infections as well as multidrug resistant M. tuberculosis (MDR-TB) strains (30 (12, (31) (32) (33) (34) (35) . In the current research, these two proteins which are expressed in early and latent stages were cloned and expressed as a multistage fusion protein and mice were vaccinated through subcutaneous route, three times at 2 week intervals. The results revealed that after subcutaneous injection, HspX/EsxS fusion protein alone was able to appropriately induce antigen-specific Th1, Th2, Th17 cells as well as IgG2a and IgG1 antibody responses. However, except for Th17 responses, it induced lower responses than BCG vaccine (P<0.001).
For improving the immunogenicity of these multistage subunit vaccine of TB and induce stronger immune responses, effective adjuvants or appropriate delivery systems are needed (13, 14) . As expected, addition of MPLA adjuvant to fusion protein, HspX/EsxS/MPLA, enhanced the IFN-γ concentration compared with HspX/EsxS protein and BCG vaccine. But, this difference was not statistically significant (P>0.05). Similar results were observed in our previous study when the HspX/ EsxS protein subcutaneously administered along with DOTAP adjuvants (36) .
Similar to MPLA responses, PLGA/HspX/EsxS formulation induced higher levels of IFN-γ cytokine as well as IgG2a and IgG1 antibody responses than HspX/ EsxS antigen and BCG, however, this difference was not significant (P>0.05).
At the present study, PLGA and PLGA:DDA NPs were prepared and examined for their characteristics including the surface morphology, physicochemical characteristics and their immunoadjuvant potential after subcutaneous administration to BALB/c mice. A key factor to evaluate the adjuvant activity of PLGA NPs is particle size (19) . Particle size and surface charge of NPs have an important role in efficient uptake by APCs and following stimulation of the immune responses necessary to increase immune responses against TB (19, (37) (38) (39) . In the current research, the average particle size were 316.7 ± 12.7 and 249.7 ± 16 for PLGA and PLGA:DDA hybrid NPs, respectively. This shows that when DDA was added to PLGA matrix, particle size is reduced. Similar results have been shown by Jensen et al. and Kim et al. They showed that addition of the cationic compounds such as dioleoyltrimethylammoniumpropane (DOTAP) and polyethylenimine (PEI) to the PLGA matrix lead to significant decrease in particle size (20, 40) . However, opposite results were reported by Kirby et al (38) .
Surface charge of the modified PLGA NPs was increased when the DDA was added and changed from -33±1.7 mV to 39±1.8 mV. Compared with negatively charged PLGA, positively charged PLGA:DDA NPs shows some advantages including more stability, efficient interaction and cellular uptake by dendritic cells (DCs), better antigen adsorption, enhanced endosomal escape and more sustained antigen release (20, 25, 41) .
More stimulation of humoral (IgG1) and cell-mediated immunity (IFN-γ, IgG2a) by PLGA:DDA formulations in comparison to PLGA formulations could be attributed to the above potentials of PLGA:DDA NPs and also smaller size of PLGA:DDA NPs (38) .
The present study showed that mice receiving PLGA:DDA/HspX/EsxS/MPLA formulation as well as PLGA:DDA/HspX/EsxS/MPLA (booster) generated robust antigen-specific IFN-γ and IgG2a titers as compared with all other groups (P<0.001). It can be concluded that the ability of the formulations containing PLGA:DDA to induce cellular immune responses is higher than PLGA formulations (P<0.001). As well, it is proven that IL-17 cytokine, similar to IFN-γ, has an important role in protection against TB infection. This cytokine plays a critical role in the formation of granulomas during TB infection and induce and sustain strong memory T cell responses (42). Hoft et al. reported that subcutaneous injection of NPs containing Ag85B along with CpG were not able to induce of IL-17 (43) . Similar results were obtained in this study.
Conclusion
PLGA:DDA NPs with optimum size, surface charge and release profile were prepared. These cationic PLGA NPs were used as a delivery system/adjuvant for encapsulation of and immunization against a novel multistage subunit vaccine (HspX/EsxS) of M. tuberculosis. After subcutaneous administration, both PLGA:DDA/HspX/EsxS/MPLA and PLGA:DDA/HspX/ EsxS/MPLA (booster) as well as PLGA:DDA/HspX/ EsxS and PLGA:DDA/HspX/EsxS (booster) are likely good subunit vaccine against TB due to induce an effective IFN-γ and IgG2a immune responses with a low increase in IL-4 and IgG1. It could be concluded that these formulations have potentials to be used as a complementary vaccine of BCG.
